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Highly correlated ab initio molecular orbital calculations have been used to map out the potential energy
surface corresponding to the reaction of Cl+ propargyl chloride (C3H3Cl) in the gas phase. Ten transition
state structures governing the mechanism of the title reaction were computed at seven different levels of
theory up to QCISD(T)/6-311+G(d,p)//QCISD(T)/6-31+G(d,p). Chlorine atom additions at the center and
end unsaturated carbons are barrierless processes forming incipient, chemically activated 2,3-dichloro-1-
propen-1-yl and 1,3-dichloro-1-propen-2-yl radicals, respectively. The incipient radicals cannot isomerize by
transferring a hydrogen atom because the governing transition state structures reside atg 95 kJ‚mol-1 above
the initial reactants. The presence of a transition state for chlorine atom transfer below the energy of the
initial reactants enables isomerization between the incipient radicals. A second accessible chlorine transfer
transition state enables the 1,3-dichloro-1-propen-2-yl radical to isomerize into the more stable 1,2-dichloroallyl
radical. The chemically activated 1,3-dichloro-1-propen-2-yl radical also undergoes bond scission of the chlorine
atom in the chloromethyl group forming chloroallene and Cl atom. Chlorine atom attack on the chloromethyl
group encounters metathesis transition states for HCl and Cl2 formation at 5 kJ‚mol-1 and 124 kJ‚mol-1

above the initial reactants, respectively. The accord demonstrated between master equation calculations, based
on the ab initio results, and experimental data validate the proposed reaction mechanism and predict that the
dominant products of chlorine atom addition to propagryl chloride are chloroallene and the 1,2-dichloroallyl
radical at 298 K and HCl, chloropropargyl radical, and chloroallene at 1000 K.

Introduction

Although the reactions of chlorine atoms with unsaturated
hydrocarbons have roles during commercial syntheses and
industrial waste incineration,1 few rate coefficients are available
for use in the computational modeling of these processes.2 A
contributing factor to this dearth of kinetic data may be the
general apprehension that rate coefficient measurements for the
larger alkynes and allenes are intractable due to the potential
for many isomer products. Because isomers usually exhibit
similar optical and mass spectra, temporally resolved species-
specific measurements needed for accurate kinetic determina-
tions become unfeasible. The design and interpretation of
experimental kinetics studies of the larger unsaturated hydro-
carbons are facilitated by knowledge of the governing elemen-
tary reaction mechanism. In recent years, ab initio calculations
have become an efficient way for determining the most likely
elementary reaction steps. In a preceding paper, we compared
the transition state relative energies obtained at seven levels of
ab initio theory for the Cl+ allene reaction mechanism.3 We
found evidence that reliable energetics are obtained by using
structure calculations at the QCISD, B3LYP, and MP2 levels
followed by single point QCISD(T)/6-311+G(d,p) energy
calculations that better captured the correlation energy. In this
study, we report a similar ab initio study of the governing
transition state structures for the very complex reaction, Cl+
propargyl chloride. Master equation calculations, based on the

ab initio results, are shown to be in accord with the available
experimental data.

The Cl+ propargyl chloride (3-chloropropyne, CH2ClCtCH)
reaction exhibits the problems typical of reactions with unsatur-
ated molecules containing three or more carbons. The thermo-
chemistry of Cl+ propargyl chloride allows for six exothermic
product channels forming up to eleven distinct C3 isomers.
Although gas-chromatographic analysis of the end products of
Cl + propargyl chloride found only three chlorinated species,
evidencing inactivity along some product channels, the end-
product data is insufficient for ascertaining the reaction mech-
anism.4,5 The uncertainty persists because two (or more) distinct
radical products can undergo secondary reactions to produce
the same species. For example, the 2,3-dichloro-1-propene end-
product from the Cl+ propargyl chloride reaction was easily
identified by gas chromatography; however, this product may
evidence production of either 1,2-dichloroallyl radical or 2,3-
dichloro-1-propen-1-yl radical, or both species.4

An assignment of the Cl+ propargyl chloride reaction
mechanism is required for accurate rate determinations of the
propargyl radical (‚CH2C≡CH) recombination reaction rate
coefficient,k(C3H3 + C3H3). The ambient temperature experi-
ments used to determinek(C3H3 + C3H3) have initiated the
reaction by photolyzing propargyl chloride with 193 nm light.5-7

This method produces propargyl radicals in 93% yield6

At ambient temperature the photolytic chlorine atom population,
† E-mail: jeffrey.hudgens@nist.gov.
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C3H3Cl + 193 nmf ‚C3H3 + ‚Cl (1a)

f C3H2 + HCl (1b)
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which is equal to the C3H3 population, mainly adds to propargyl
chloride forming a substantial chlorinated C3 radical ensemble.
As observed in previous kinetic and spectroscopic studies,5,8

cross-reactions between the C3H3 radical and chlorinated radical
ensembles accelerate the depletion of the C3H3 concentration.
Extraction ofk(C3H3 + C3H3) from such experiments must use
a computational kinetic model that accounts for the recombina-
tion and cross-rate reactions among the isomers and C3H3. The
most important feature of the adopted kinetic model is the
number of different, highly reactive products predicted for the
Cl + propargyl chloride reaction at 298 K; that is, does the
reaction of Cl+ propargyl chloride give one, or more than one,
free radical species? In our previous experimental study, we
adopted a kinetic model that presumed that Cl+ propargyl
chloride generated only one persistent free radical species. Using
this model and knowledge ofk(C3H3Cl + C3H3Cl), we showed
that the transient absorption kinetic data observed, whereas
monitoring C3H3 and C3H3Cl concentrations gave consistent
determinations ofk(C3H3 + C3H3) and k(C3H3 + C3H3Cl).5,8

The kinetic model used in our previously reported experi-
mental determinations was based upon a preliminary set of ab
initio molecular orbital calculations of the mechanisms govern-
ing the Cl+ propargyl chloride reaction. This report describes
these ab initio molecular orbital calculations fully. We derive
the governing mechanism of Cl+ propargyl chloride and we
show that this mechanism is consistent with the experimental
kinetic rate data and end-product data reported previously.5,8

The present ab initio results enable estimates of the high pressure
and temperature rate coefficients of Cl+ propargyl chloride
by use of master rate equation methods.9-12

Elementary Reaction Channels of Cl+ Propargyl Chlo-
ride. The reaction of Cl with propargyl chloride may proceed
through metathesis or through chlorine addition channels. The
metathesis reactions are

where the enthalpies of reaction are calculated using the

thermochemical data listed in Table 1 and the indicated
uncertainty is two standard deviations (2σ). Chlorine addition
may produce an incipient, chemically activated C3H3Cl2 radical
ensemble comprised of two, distinct vinylic isomers

The Greek letter annotations distinguish between the incumbent
and reacting chlorine atoms. Chlorine addition to the center
carbon forms the chemically activated 2,3-dichloro-1-propen-
1-yl radical (reaction5). Chlorine addition to the unsaturated
end carbon forms chemically activated 1,3-dichloro-1-propen-
2-yl radical (reaction6). At 298 K and 625 Pa (∼4.7 Torr) the
combined rate of reactions 5 and 6 isk(Cl + C3H3Cl) ) k5 +
k6 ) (1.2 ( 0.2) × 10-10 cm3‚molecule-1‚s-1, which is
approaching the gas-kinetic limit.8 Because both incipient C3H3-
Cl2 adducts contain∼-(79 ( 6) kJ‚mol-1 of chemical activa-
tion, these chemically activated species may also undergo further
unimolecular reactions, including reverse reactions-5 and-6,
until collisionally stabilized. By transferring a chlorine atom,
the chemically activated 2,3-dichloro-1-propen-1-yl radical may
isomerize forming 1,3-dichloro-1-propen-2-yl radical

The incipient, chemically activated 2,3-dichloro-1-propen-1-yl
radical may isomerize forming 1,2-dichloroallyl radical by
transferring a chlorine atom

or by transferring a hydrogen atom

TABLE 1: Ab Initio Results and Thermochemical Data Used to Estimate Relative Energies of the Persistent Species Involved
in the Cl + Propargyl Chloride System

species
∆f H0

oa

kJ‚mol-1
∆f H298.15

o a

kJ‚mol-1 ref

Cl 119.62( 0.01 121.30( 0.01 45
Cl2 0.0 0.0 45
Chloroallene 179( 6 173( 6 4
Chloropropargyl radical 316( 8 315( 8 4
3-chloro-propynyl radical (CH2ClC≡C‚) 498( 7 495( 7 4
(E)-1,2-dichloroallyl radical 117( 6 110( 6 4
(Z)-1,2-dichloroallyl radical 121( 6 114( 6 4
(E,Z)-1,3-dichloroallyl radical 112( 6 105( 6 4
(E)-1,3-dichloro-1-propen-2-yl radical 228( 4 221( 4 4
(Z)-1,3-dichloro-1-propen-2-yl radical 228( 4 221( 4 4
2,3-dichloro-1-propen-1-yl radical 230( 4 223( 4 4
HCl -92.1( 0.4 -92.3( 0.4 45
Propargyl chloride 185( 4 180( 4 4
Propargyl radical 341( 8 339( 8 46

a Indicated error is two standard deviations (2σ) propagated from the underlying measurements and does not include systematic error of the
calculations.

CH2Cl-C≡CH + ‚Cl f CH2Cl-C≡C‚ + HCl

∆rxnH298.15
o ) +(102( 8) kJ‚mol-1 (2)

f ‚CHClC≡CH + HCl
∆rxnH298.15

o ) -(78 ( 8) kJ‚mol-1 (3)

f ‚CH2C≡CH + Cl2
∆rxnH298.15

o ) +(39 ( 8) kJ‚mol-1 (4)

CH2Clγ-C≡CH + ‚Clâ a CH2Clγ-CClâ ) ĊH

∆rxnH298.15
o ) -(78 ( 6) kJ‚mol-1 (5)

a CH2Clγ-Ċ )CHClâ

∆rxnH298.15
o ) -(79 ( 6) kJ‚mol-1 (6)

CH2Clγ-CClâ) ĊH {\}
2,1-Cl

1,2-Cl
CH2Clγ-Ċ )CHClâ

∆rxnH298.15
o ) -(1 ( 4) kJ‚mol-1 (7)

CH2Clγ-CClâ ) Ċ H98
3,1-Cl

‚[CH2-CClâ-CHClγ]

∆rxnH298.15
o ) -(78 ( 6) kJ‚mol-1 (8)

CH2Clγ-CClâ ) Ċ H98
3,1-H

‚[CHClγ-CClâ-CH2]

∆rxnH298.15
o ) -(78 ( 6) kJ‚mol-1 (9)

6144 J. Phys. Chem. A, Vol. 106, No. 25, 2002 Hudgens and Gonzalez



Besides reverse reaction-7, three other channels may deplete
the 1,3-dichloro-1-propen-2-yl radical population. The 1,3-
dichloro-1-propen-2-yl radical may isomerize to 1,2-dichloro-
allyl radical through chlorine transfer

The 1,3-dichloro-1-propen-2-yl radical may isomerize to 1,3-
dichloroallyl radical through hydrogen transfer

Gas chromatography has detected chloroallene among the end
products of Cl+ propargyl chloride. This observation establishes
the activity of the Cl atom elimination channel from the 1,3-
dichloro-1-propen-2-yl radical

Although endothermic, reaction12 may occur because the
activated 1,3-dichloro-1-propen-2-yl radical contains energy
sufficient to proceed through the net reaction

Computational Methods and Terminology. All calcula-
tions13 described herein were carried out with the Gaussian 94
and Gaussian 98 program suites14,15on a Cray C90/6256 super-
computer and a 32-processor Silicon Graphics Origin 2000
parallel computer. Fully optimized geometries of reactants,
intermediate stationary structures (designated with “IS” pre-
fixes), transition state structures (designated with “TS” prefixes),
and products were calculated with the unrestricted second-order
Møller-Plesset perturbation theory (UMP2),16 the hybrid three
parameter B3LYP density functional theory,17 and the quadratic
configuration interaction (QCISD) method,18 including single
and double electronic excitations. All calculations were carried
out using the 6-31+(d,p) basis set.19-23 In this work, we follow
the standard notation “Theory/basis” to indicate that a full
geometry optimization has been carried out at the “Theory” level
using the “basis” basis set. In addition, the terms “Theory2/
basis2//Theory1/basis1” are used to indicate a single point
energy calculation at the “Theory2/basis2” level of theory using
the geometry previously optimized at the “Theory1/basis1” level.

We useHMP2, HB3LYP, andHQCISD to denote the electronic
energies of the fully optimized structures obtained at the MP2/
6-31+G(d,p) and B3LYP/6-31+(d,p), QCISD/6-31+G(d,p)
levels, respectively. We useHPMP2to denote the spin-projected
electronic energy at the fully optimized MP2/6-31+G(d,p)
geometry after the spin-contamination is reduced to a minimum
using the method of Schlegel.24-27 In addition, single point
calculations with the 6-311+G(d,p) basis were carried out at
the quadratic configuration interaction level including double
electron excitations and a perturbative correction for triple
excitations, (QCISD(T)/6-311+G(d,p)), using the fully opti-
mized MP2, B3LYP, and QCISD geometries. The electronic
energies obtained from these calculations are denotedHQ(T)//MP2,
HQ(T)//B3LYP, andHQ(T)//QCISD, respectively. Reaction pathways
were computed by the IRC algorithm of Gonzalez and

Schlegel,28-30 as implemented in the G94 and G98 program
suites.14,15 Harmonic vibrational frequencies and zero point
energy corrections, (H0

ZPE)Level, were computed at the MP2/6-
31+G(d,p), B3LYP/6-31+(d,p), and QCISD/6-31+(d,p) levels.
All computational results, presented herein, contain no empirical
scaling of vibrational frequencies and zero point energies.

In some figures we plot∆pathHLevel, the electronic energy of
the IRC reaction path relative to the electronic energies of
propargyl chloride and the chlorine atom. We note that
∆pathHLevel does not include zero point energy contributions.
When zero point energy is accounted, we quote∆relH0

Level, the
energy at 0 K of astationary point relative to the initial reactants,
Cl + propargyl chloride. For example where

Results

Thermochemical Properties and Geometry Parameters.
For each stable molecule and persistent radical found in reactions
2 through 13 Table 1 lists the∆fHT

o used to derive the reaction
enthalpies of reactions2-13. Supplementary Table 1S lists
HQ(T)//QCISD, the electronic energy, and (H0

ZPE)MP2, the zero
point energy correction computed at the MP2/6-31+G(d,p) level.
The energy diagrams presented in this paper are based solely
on ab initio results. To save considerable computational
resources, we use (H0

ZPE)MP2 in derivations of∆relH0
o for the

persistent species (Table 1S). Substitution of (H0
ZPE)MP2 for

(H0
ZPE)QCISD (or (H0

ZPE)B3LYP for (H0
ZPE)QCISD) is expected to

introduce negligible relative error. The NIST Computational
Chemistry Comparison and Benchmark DataBase31 lists QCISD/
6-31G(d), MP2/6-31G(d), and B3LYP/6-31G(d) vibrational
frequency data sets for nine chlorinated molecules.32 The zero
point energies computed for these data sets differ by∼1%.

During this study, we found nine transition states and four
intermediate structures associated with reactions2-12. Figure
1 displays the atom numbering system used in this report for
geometry descriptions of the transition states and intermediate
structures. Supplementary Table 2S lists the fully optimized
geometries obtained at the highest level of theory used in this
work, the QCISD/6-31+G(d,p) geometry. Fully optimized
geometries obtained at other levels differ only slightly from
those listed in Supplementary Table 2S and are not reported.
Supplementary Table 2S also lists the electronic energy at the
highest level of calculation (usuallyHQ(T)//QCISD), H0

ZPE, and the
νi

q, the imaginary frequency corresponding to the transition state.
Table 2 lists∆relH0

Level(TS), the energy at 0 K of the transition
state relative to the initial reactants, Cl+ propargyl chloride.

CH2Clγ-Ċ )CHClâ98
3,2-Cl

‚[CH2-CClγ-CHClâ]

∆rxnH298.15
o ≈ -(109( 6) kJ‚mol-1 (10)

CH2Clγ-Ċ )CHClâ98
3,2-H

‚[CHClγ-CH-CHClâ]

∆rxnH298.15
o ) -(116( 6) kJ‚mol-1 (11)

CH2Clγ-Ċ )CHClâ f CH2)C)CHClâ + ‚Clγ

∆rxnH298.15
o ) +(73 ( 6) kJ‚mol-1 (12)

CH2Clγ-C≡CH + ‚Clâ f CH2)C)CHClâ + ‚Clγ

∆rxnH298.15
o ) -(7 ( 6) kJ‚mol-1 (13)

Figure 1. Schematic of the Cl+ propargyl system showing the
numbering system for the atoms referenced in Supplementary Table
2S and in thex-axis of the figures.

∆relH0
Q(T)//MP2(TS) ) H0

Q(T)//MP2(TS) - H0
Q(T)//MP2 (C3H3Cl) -

H0
Q(T)//MP2 (Cl)

H0
Q(T)//MP2 ) HQ(T)//MP2 + (H0

ZPE)MP2
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Table 2 lists these predicted relative energies at the seven
computational levels used in this study.

Using cannonical transition state theory33-35 as implimented
in the CHEMRATE program,9 the ab initio results were used
to derive high-pressure rate expressions at 298 K. Table 3 lists
the Arrhenius and activation coefficients for the high-pressure
rate equation of the form,k∞ ) A‚e-Ea/RT. To derive coefficients,
we adopted the approximation,Ea ≈ ∆relH0

Q(T)//QCISD at 0 K.
Arrhenius coefficients are estimated using the geometries and
vibrational frequencies of persistent species and transition states,
computed at the MP2/6-31+G(d,p) level and reduced by a
scaling factor of 0.937 (Table 3S). Hindered internal rotors and
tunneling are not considered. For reactions5, 6, and-12, the
present ab initio calculations found no transition structures. To
estimate the high-pressure rate equations for these barrierless
reactions, we obtained program input by devising an ap-
proximate transition state structure and spectrum, and by
defining the corresponding enthalpy of formation to obtain the
zero activation energy. This procedure appears to give reason-
able high-pressure rate constants at 298 K because the Arrhenius
coefficient of metathesis reaction3 is similar to the correspond-
ing coefficient reported for Cl+ propyne metathesis,36 k5 and
k6 are within an order of magnitude ofk(Cl + C3H3Cl) at 625
Pa,8 which is in the pressure falloff region, andk12 is the same

as observed fork(Cl + allene) near the high-pressure limit.37

Thek∞’s provide a map of the intrinic barriers and give a sense
of the relative tightness of the transition states. However,
because the Cl+ propargyl chloride addition reaction is
governed by chemically activated C3H3Cl2 ensembles that
manifest nonthermal energy distributions, elementaryk∞ do not
predict the overall reaction in the pressure falloff region. The
predicted product distributions from chemically activated C3H3-
Cl2 complexes are presented in the Discussion.

Metathesis and Addition Channels.Metathesis reactions3
and4 involve direct attack by a chlorine atom followed by an
abstraction of a hydrogen atom (going through TS3) or a
chlorine atom (going through TS4) from the chloromethyl group
in propargyl chloride. Figure 2 diagrams the potential energy
profiles for these reactions. The results in Figure 2 show that
the barrier to hydrogen abstraction,∆relH0

Q(T)//QCISD(TS3), lies 5
kJ‚mol-1 above reactants. Similar QCISD(T)/6-311+G(d,p)//
QCISD/6-31+G(d,p) calculations predict a relatively large
barrier for the chlorine abstraction channel (∆relH0

Q(T)//QCISD

(TS4) ) 124 kJ‚mol-1). This study does not consider reaction
2 because its reaction is∆rxnH0

o ≈ 100 kJ‚mol-1 endothermic,

TABLE 2: Energy of Transition States Relative to the Initial Reactants, Cl + Propargyl Chloride, Determined at Seven Levels
of Theoryh

calculation
level TS3 TS4 TS7c IS7p IS7n TS7e TS8 TS9 TS10r TS10a IS10b TS10v TS11

∆relH0
Q(T)//QCISDa

kJ‚mol-1

5 124b -6 -11 -10 -6 c 95b -93b -7 -10 -14 119d

∆relH0
Q(T)//MP2

kJ‚mol-1

16 132 2 -8 -8 2 e 102 -89 8 1 f

∆relH0
Q(T)//B3LYP

kJ‚mol-1

8 113 -9 f f f 113 86 -109 -11 f 119

∆relH0
QCISDa

kJ‚mol-1
24 130b 2 -3 -2 1 c 115b -91b -3 -9 -7 136d

∆relH0
PMP2g

kJ‚mol-1
19
〈S2〉p)
0.76

125
〈S2〉p)

0.81

5
〈S2〉p)
0.77

-8
〈S2〉p)
0.75

-6
〈S2〉p)
0.75

4
〈S2〉p)
0.77

e 103
〈S2〉p)
0.77

-88
〈S2〉p)
0.75

9
〈S2〉p)
0.77

-4
〈S2〉o)
0.75

1
〈S2〉p)
0.79

e

∆relH0
MP2

kJ‚mol-1
45
〈S2〉o)
0.88

176
〈S2〉o)

1.0

37
〈S2〉o)
0.93

-7
〈S2〉o)
0.76

-6
〈S2〉o)
0.76

36
〈S2〉o)
0.93

e 138
〈S2〉o)
0.95

-81
〈S2〉o)
0.80

40
〈S2〉o)
0.94

-1
〈S2〉o)
0.76

39
〈S2〉o)
0.99

e

∆relH0
B3LYP

kJ‚mol-1
-22 48 -31 f f f 84 75 -119 -54 f f 94

a Except as noted, the relative energy contains (H0
ZPE)QCISD. See text.b Computed using (H0

ZPE)MP2. c QCISD/6-31+G(d,p) structure calculation
did not converge to a unique geometry. See text.d Computed using (H0

ZPE)B3LYP. e MP2/6-31+G(d,p) structure calculation did not converge to a
unique geometry. See text.f B3LYP/6-31+G(d,p) calculation found no evidence of a stationary structure. See text.g Computed withH0

PMP2 )
HPMP2 + (H0

ZPE)MP2 evaluated at the fully optimized MP2/6-31+G(d,p) geometry.h The total spin expectation value,〈S2〉, is listed for the PMP2 and
MP2 relative energies of each stationary structure.

TABLE 3: Arrhenius and Activation Coefficients of the
High Pressure Rate Equation,k∞ ) A·e-Ea/RT, for Each
Elementary Reaction of the Cl+ Propargyl Chloride
System, Computed with Cannonical Transition State Theory
from the ab Initio Results

rxn
Aforward,
cm3‚s-1

(Ea)forward,
kJ‚mol-1

Areverse,
cm3‚s-1

(Ea)reverse,
kJ‚mol-1

3 (1.2× 10-11)a 7 (3.8× 10-13)a 86
4 (3.0× 10-11)a 127 (9.9× 10-14)a 90
5 (1.7× 10-10)a 0 3.4× 1015 75
6 (1.8× 10-10)a 0 1.5× 1015 77
7 4.6× 1013 71 1.9× 1013 73
8 1.1× 1013 194 1.1× 1013 303
9 1.5× 1012 171 1.5× 1012 280

10 5.1× 1012 62 1.2× 1013 169
11 3.3× 1013 196 3.3× 1013 314
12 1.7× 1015 75 (5.1× 10-10)a 0

a Bimolecular coefficient in units of cm6‚s-1.

Figure 2. Reaction energy diagram at 0 K of metathesis reaction
channels accessible as a chlorine atom approaches propargyl chloride.
Reaction enthalpies are referenced to the reactants (Cl+ CH2ClC≡CH)
at 0 K. The values listed in parentheses are the ab initio∆rel

H0
Q(T)//QCISD (in kJ‚mol-1) of the transition state structures, which

include unscaled zero point energy contributions.
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making it unimportant to the reaction mechanism at 298 K. To
examine chlorine addition reactions5 and 6, we conducted a
series of relaxed potential energy scans at the B3LYP and MP2
levels of theory as a function of carbon-chlorine distance. These
scans demonstrated that the relative energy diminishes continu-
ously as the chlorine-carbon internuclear distance decreases
from 4 Å to theequilibrium distance (∼1.8 Å). The lack of a
transition state indicates that the chlorine addition reactions5
and 6 are barrierless processes. Given that both addition
reactions have negligible energy barriers and that the metathesis
reactions have energy barriers, we expect chlorine addition to
dominate the reactivity at low temperatures. The incipient
products of Cl+ propargyl are ensembles of 2,3-dichloro-1-
propen-1-yl and 1,3-dichloro-1-propen-2-yl radicals.

Following the formation of the chemically activated C3H3-
Cl2 ensemble through chlorine addition, exothermic HCl
elimination could conceivably proceed through 3-, 4-, and
5-center transition state structures. However, preliminary ex-
plorations for these transition structures from the 2,3-dichloro-
1-propen-1-yl, 1,3-dichloro-1-propen-2-yl, 1,2-dichloroallyl, and
1,3-dichloroallyl radicals were unsuccessful. Exhaustive ab initio
searches for these metathesis channels were not pursued.

Isomerization Reaction of the 2,3-Dichloro-1-propen-1-
yl Radical. At 0 K, each incipient 2,3-dichloro-1-propen-1-yl
radical forms withEv ≈ 78 kJ‚mol-1 of internal vibrational
energy. Calculations indicate that this internal energy is suf-
ficient to promote isomerization reaction7, which converts 2,3-
dichloro-1-propen-1-yl radicals into the 1,3-dichloro-1-propen-
2-yl radicals. Figure 3a diagrams the energy profile of the 2,3-
Cl atom transfer (reaction7) by plotting ∆pathHLevel, the

electronic energy (containing no ZPE contributions) relative to
Cl + propargyl chloride, as a function of∠Cl8-C2-C1 angle.
In Figure 3a, we constructed the profile labeled MP2 using
internal reaction coordinate (IRC) calculation data28-30 at the
MP2/6-31+G(d,p) level. The trace labeled PMP2 shows the
electronic energy of each MP2/6-31+G(d,p) structure after full
annihilation of spin-contaminants. The isomerization path passes
through two distinct transition state structures, labeled TS7c and
TS7e (Table 2S). TS7c (∠Cl8-C2-C1 ) 100.9°) resembles the
2,3-dichloro-1-propen-1-yl radical (∠Cl8-C2-C1 ≈ 120°)
except that all non-hydrogen atoms lie in the same plane and
the C-Cl bond is lengthened tor(C2-Cl8) ) 2.354 Å. TS7e
(∠Cl8-C2-C1 ) 52.9°) is similar to the 1,3-dichloro-1-propen-
2-yl radical (∠Cl8-C2-C1 ≈ 33°) except that the C-Cl bond
is lengthened tor(C3-Cl8) ) 2.385 Å.

Midway between TS7c and TS7e (∠Cl8-C2-C1 ≈ 79°),
∆pathHLevel decreases as the reaction path passes through
minimum energy structures, IS7p and IS7n (Table 2S). IS7p
and IS7n are stationary intermediate structures exhibiting only
real vibrational frequencies. Both IS7p and IS7n have a chlorine
atom bridging between C3 and C2 with nearly equal bond
lengths,r(C1-Cl8) ≈ 3 Å (Figure 2a). However, IS7p and IS7n
differ with respect to the placement of the chlorine atom relative
to the plane containing the other non-hydrogen atoms. In IS7p
all heavy atoms lie in the same plane (θint ) 180°, whereθint

≡ ∠Cl8-C2-C3-Cl4). In IS7n the bridging chlorine is rotated
above the heavy-atom plane toθint ) 94.3°. Figure 3b plots
∆pathHQ(T)//QCISDas a function ofθint, (whereθint ≡ ∠Cl8-C2-
C3-Cl4)), showing that the path between IS7p and IS7n contains
no energy barrier. The QCISD(T)/6-311+(d,p)//QCISD/6-31+-
(d,p) calculations find that IS7n is about 1 kJ‚mol-1 less stable
than IS7p. IRC calculations confirmed that the 2,3-dichloro-1-
propen-1-yl and 1,3-dichloro-1-propen-2-yl radicals also lie on
the same reaction path as TS7c, IS7p, IS7n, and TS7e.

The energy barriers predicted for reaction7 vary as a function
of the level of theory. The MP2/6-31+G(d,p) calculations
predict that TS7c and TS7e lie about∆relH0

MP2 ≈ +36 kJ‚mol-1

above reactants (Table 2); however, the MP2 wave functions
contain large amounts of spin contamination (〈S2〉o ) 0.93),
suggesting that these MP2 barriers might be unreliable. Full
annihilation of spin contaminants at the MP2/6-31+G(d,p)
geometries (〈S2〉p ) 0.77) predict much lower barriers,∆rel

H0
PMP2 ≈ +4 kJ‚mol-1 (We note that the PMP2 reaction path

also exhibits minima at IS7p and TS7n.) The QCISD/6-31+G-
(d,p) calculations also find TS7c, IS7p, IS7n, and TS7e but
predict that these structures are nearly thermoneutral relative
to Cl + propargyl chloride. In contrast, the B3LYP/6-31+G-
(d,p) calculations found only TS7c, rather than four stationary
points along the reaction path. At this level TS7c is a low energy
barrier, ∆relH0

B3LYP ≈ -31 kJ‚mol-1, which we judge as
unreliable due to the known propensity of density functional
methods for underestimating energy barriers.

To estimate more reliable energy barriers, we reoptimized
the stationary structures, TS7c, IS7p, IS7n, TS7e, and both stable
radicals, at the QCISD/6-31+G(d,p) level and computed the
energy of each structure at the QCISD(T)/6-311+G(d,p) level
(Table 2S). To plot estimated energy profiles at this higher level,
we computed∆pathHQ(T)//QCISDat each stationary point and then
scaled and interpolated the MP2 IRC path so that it intersects
these∆pathHQ(T)//QCISD. The energy profiles of Figure 3 labeled
QCISD(T) show that the complete reaction path lies at lower
energy than Cl+ propargyl chloride. When zero point energy
corrections are included in the calculation of TS7c and TS7e,
the calculations give∆relH0

Q(T)//QCISD) -6 kJ‚mol-1 (Table 2).

Figure 3. Energy profile governing chlorine atom transfer between
1,3-dichloro-1-propen-2-yl radical and 2,3-dichloro-1-propen-1-yl radi-
cal (reaction7) predicted by ab initio calculations. Energies are
referenced to the separated Cl atom and propargyl chloride energies at
the corresponding computational theory level and do not include zero
point energy contributions. a)∆pathHLevel as a function of∠(Cl8-C2-
C1). The trace labeled QCISD(T) is an estimate derived by interpolating
the MP2 trace so that it intersects the∆pathHQ(T)/QCISD computed for
each diagrammed (stationary) structure. b) Energy profile of
∆pathHQ(T)/QCISD as a function of the internal rotation coordinate,θint,
whereθint ≡ ∠(Cl8-C2-C3-Cl4). This internal rotation, involving the
Cl atom, links IS7p and IS7n near∠(Cl8-C2-C1) ) 79°, as indicated
in panel a).
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Thus, we predict that isomerization reactions7 and-7 proceed
are active the chemically activated C3H3Cl complex.

Reactions8 and 9 isomerize 2,3-dichloro-1-propen-1-yl
radical into 1,2-dichloroallyl radical through 1,3-transfers of a
chlorine or hydrogen atom, respectively. Figure 4 diagrams the
predicted transition state structures and reaction enthalpies. A
B3LYP/6-31+G(d,p) calculation found TS8, the transition state
structure for chlorine transfer. To estimate the reaction energy,
we computed the necessary electronic energies at the QCISD-
(T)/6-311+G(d,p)//B3LYP/6-31+G(d,p) level and zero point
energies at the B3LYP/6-31+G(d,p) level. The results indicate
that ∆relH0

Q(T)//B3LYP(TS8) ) 113 kJ‚mol-1, indicating that the
intrinsic barrier for this process lies above the initial reactants.
We note that the geometry optimizations of TS8 at the MP2
and QCISD levels did not converge. Because these MP2 and
QCISD structure calculations attempted to converge to a
geometry similar to the B3LYP structure and since additional
calculations seemed unlikely to make the relative energy of TS8
exothermic relative to Cl+ propargyl chloride, we did not
pursue the MP2 and QCISD geometry optimizations further.
Although the reasons for the odd behavior of MP2 and QCISD
in the optimization of TS8 are not well understood, it is possible
that spurious couplings in the updated Hessian during the
optimizations at these two levels may have led the optimizer to
move around the basin of attraction located at TS8 without
converging. This problem could arise if the region of the
potential energy surface surrounding TS8 is significantly flat.
One way of confirming this proposal is to carry full geometry
optimizations of TS8 with smaller step sizes, tighter convergence
criteria, and using Hessian matrixes computed analytically at
every point on the optimization. However, this process could
become prohibitively expensive (especially at the QCISD level).

The geometry of TS9 was obtained with a QCISD/6-31+G-
(d,p) calculation (Table 2S). Formation of TS9 is also very
endothermic,∆relH0

Q(T)//QCISD(TS9) ) 95 kJ‚mol-1, relative to
Cl + propargyl chloride. Because TS8 and TS9 reside at high
energy relative to the reactants, we do not expect reactions8
and 9 to contribute to the overall reaction mechanism at 298
K.

Isomerization and Dissociation Reactions of the 1,3-
Dichloro-1-propen-2-yl Radical.Ab initio calculations predict
that chemically activated 1,3-dichloro-1-propen-2-yl radicals
contain sufficient energy to isomerize into 1,2-dichloroallyl
radicals by transferring a chlorine atom between the end and

center carbon atoms (reaction10). Figure 5a diagrams the energy
profile of the 3,2-Cl atom transfer by plotting∆pathHLevel, the
electronic energy relative to Cl+ propargyl chloride, as a
function of ∠Cl4-C3-C2 angle. Figure 5b plots∆pathHLevel as
a function of aboutΦ, which is defined as the angle of the
C3H2 plane relative to the heavy atom plane (i.e.,Φ≡ 90° +
(∠C1-C2-C3-H7 + ∠C1-C2-C3-H8)/2). The profile labeled
MP2 was constructed using internal reaction coordinate (IRC)
calculation data28-30 at the MP2/6-31+G(d,p) level that traced
the reaction paths from the transition states, TS10v and TS10a.
The PMP2 trace plots the energies of the MP2/6-31+G(d,p)
structures along the IRC path after annihilation of spin-
contamination. The trace labeled B3LYP is the reaction path
extending from TS10a obtained from an IRC calculation at the
B3LYP/6-31+G(d,p) level. To construct the path labeled
QCISD(T), we re-optimized the stationary structure geometries
of TS10r, TS10a, IS10b, TS10v, and both stable radicals at the
QCISD/6-31+G(d,p) level and computed single point QCISD-
(T)/6-311+G(d,p) energies for these geometries. We then scaled
and interpolated the B3LYP profile so that it intersects the
∆pathHQ(T)//QCISDcomputed for each stationary structure. We note
that∆pathHLevel does not contain zero point energy contributions.

From the 1,3-dichloro-1-propen-2-yl radical the reaction path
follows coordinate∠(Cl4-C3-C2), passing through transition
states TS10v and TS10a (Figure 5a), and intersects a third
transition state, labeled TS10r, where the reaction path changes
over to follow coordinateΦ (Figure 5b). TS10v (∠Cl4-C3-
C2 ) 95.9°) resembles the 1,3-dichloro-1-propen-2-yl radical
(∠Cl4-C3-C2 ) 64.7°) except that the C-Cl bond is length-
ened tor(C3-Cl4) ) 2.432 Å. The reaction path extending from

Figure 4. Reaction energy diagram at 0 K of thechlorine atom transfer
(reaction8) and hydrogen atom transfer (reaction9) channels that
isomerize 2,3-dichloro-1-propen-1-yl radical into 1,2-dichloroallyl
radical. Reaction enthalpies are referenced to the separated Cl atom
and propargyl chloride at 0 K. The values listed in parentheses are the
ab initio ∆relH0

Q(T)//QCISD (in kJ‚mol-1) of the transition state structures,
which include unscaled zero point energy contributions.

Figure 5. Energy profile governing chlorine atom transfer between
1,3-dichloro-1-propen-2-yl radical and 1,3-dichloroallyl radical (reaction
10) predicted by ab initio calculations. Energies are referenced to the
separated Cl atom and propargyl chloride energies at the corresponding
computational theory level and do not include zero point energy
contributions. (a)∆pathHLevel as a function of∠(Cl4-C3-C2). The trace
labeled QCISD(T) is an estimate derived by interpolating the MP2 trace
so that it intersects the∆pathHQ(T)//QCISDcomputed for each diagrammed
structure. b) Energy profile of∆pathHLevel as a function of the internal
rotation of the CH2 group plane relative to the plane of the heavy atoms
of the C3H3Cl2 radical. This links TS10r with the 1,2-dichloroallyl
radical.

6148 J. Phys. Chem. A, Vol. 106, No. 25, 2002 Hudgens and Gonzalez



TS10v terminates at the 1,3-dichloro-1-propen-2-yl radical and
at IS10b. TS10a (∠Cl4-C3-C2 ) 35.9°) resembles the 1,2-
dichloroallyl radical (∠Cl4-C3-C2 ) 34.9°) but features a
lengthened C-Cl bond (r(C3-Cl4) ) 2.855 Å) and the CH2
group plane is rotated 90° relative to the heavy atom plane.
The reaction path from TS10a terminates at TS10r and IS10b.
IS10b (∠Cl4-C3-C2 ) 74.5°) contains a chlorine atom bridging
across carbons C2 and C3 with nearly equal bonds ofr(Ci-Cl4)
≈ 2.9 Å. TS10r closely resembles the 1,2-dichloroallyl radical
except that the CH2 group plane is rotated 90° relative to the
heavy-atom plane. From TS10r, rotation of the C3H2 group from
Φ ) 90° to Φ ) 0° provides-62 kJ mol-1 of stabilization
energy and transforms the C3H3Cl2 complex into the planar 1,2-
dichloroallyl radical (Figure 5b). In summary, the IRC calcula-
tions at the MP2 and B3LYP levels show that a continuous
path links the 1,3-dichloro-1-propen-2-yl and 1,2-dichloroallyl
radicals through reaction10. The lengthened C-Cl bond length
and absence of resonance stabilization accounts for the relatively
high energies of the TS10v, IS10b, and TS10a stationary
structures (Table 2S).

IS10b and TS10v probably do not exist in the true path of
reaction 10, leaving TS10a as the governing barrier. This
conclusion is supported by the difficulties encountered while
characterizing IS10b and TS10v at the MP2/6-31+G(d,p) and
QCISD/6-31+(d,p) levels. Although the IRC calculations at the
MP2/6-31+G(d,p) level initiated at the TS10a and TS10v
geometries terminated at similar IS10b geometries, these
structures were not identical. Attempts to reoptimize these IS10b
structures failed to converge. However, we note that at the
QCISD(T)/6-311+G(d,p) level the relative energy near IS10b
becomes greater than at TS10v, i.e.,∆pathHQ(T)//QCISD (IS10b)
) -13 kJ‚mol-1, ∆pathHQ(T)//QCISD (TS10v) ) -14 kJ‚mol-1,
and ∆pathHQ(T)//QCISD (TS10a)) -9 kJ‚mol-1). This suggests
that calculations that capture all correlation energy will not find
a first-order saddle point at TS10v. We conclude that reaction
10 is governed only by TS10a. When zero point energies are
included, the highest level calculations predict∆relH0

Q(T)//QCISD

(TS10a)) -7 kJ‚mol-1. Thus, we predict that isomerization
reaction 10 is active in the chemically activated C3H3Cl
complex.

Figure 5b plots∆pathHLevel as a function ofΦ, whereΦ is
the angle of the CH2 plane relative to the plane containing the
carbon atoms (Φ ≡ 90° - (∠(H6-C3-C2-C1) + ∠(H7-C3-
C2-C1))/2). The plot shows that∼62 kJ‚mol-1 resonance
stabilization realized as TS10r (Φ ) 90°) becomes 1,2-
dichloroallyl radical (Φ ) 0°). At the QCISD/6-31+G(d,p) level
and B3LYP/6-31+G(d,p) levels rotation of the CH2 group into
the heavy atom plane (i.e.,Φ f 0°) is a barrierless process. In
contrast, the MP2/6-31+G(d,p) calculations predict a 3 kJ‚mole-1

C3H2 rotational barrier atΦ ≈ 66° (labeled “MP2 TS” in Figure
5b). Spin contamination appears to account for this transition
state in the MP2/6-31+G(d,p) energy profile. The fully opti-
mized structures used to construct the∆pathHMP2 profile in Figure
5b manifest unprojected spin eigenvalues of〈S2〉o ≈ 0.86. When
spin contaminants are eliminated from the wave function using
the PMP2 spin projection method of the GAUSSIAN program,
the corresponding∆pathHPMP2 profile steadily decreases with
decreasingΦ and exhibits no energy maximum.

Figure 6 diagrams the energy relationships of structures
involved with the remaining reaction channels available to 1,3-
dichoro-1-propen-2-yl radical. The 1,3-dichloro-1-propen-2-yl
radical may isomerize through TS11 forming 1,3-dichloroallyl
radical by transferring a hydrogen atom from the chloromethyl
group to the center carbon. The ab initio results find

∆relH0
Q(T)//QCISD (TS11) ) 119 kJ‚mol-1, indicating that the

formation of TS11 from Cl + propargyl chloride is an
endothermic process. Therefore, reaction11does not contribute
to the overall reaction mechanism at ambient temperature.

To investigate chlorine-carbon bond scission in the chloro-
methyl group of 1,3-dichloro-1-propen-2-yl radical (reaction12),
a series of fully optimized structures were computed at the MP2
and B3LYP levels as ther(C3-Cl4) distance increased from
the equilibrium distance (r(C3-Cl4) ≈ 1.8 C). Because the total
energy increased continuously as the chlorine-carbon inter-
nuclear distance was increased, we conclude that reaction12
has no transition structure and the chlorine atom elimination is
a barrierless process. Since reaction12 is slightly exothermic,
chloroallene is expected to appear among the stable end-products
of Cl + propargyl chloride.

Discussion

By using high level ab initio calculations, this study has
computed nine transition state structures and four intermediate
structures involving eleven elementary reactions of the Cl+
propargyl chloride reaction. Despite the differences in the
energetics obtained by the different methods used in this study
(MP2, PMP2, B3LYP, QCISD, and QCISD(T)), each level
predicts essentially the same reaction mechanism for chlorine
atom with propargyl chloride. These results provide significant
confidence in the proposed mechanisms.

Ab Initio Results. The collective results highlight the
important influences of spin contamination and correlation upon
predicted energy barriers. For most barriers (e.g., TS3, TS4,
TS7c, TS7e, TS9, TS10a, TS10v) spin annihilations in the MP2
wave functions reduce the barrier energies by∼30 kJ‚mol-1

(Table 2). Because the MP2 method implemented in most of
the available ab initio programs finds optimized molecular
structures by using energy gradients based on spin-unprojected
wave functions, such calculations are susceptible to spin
contamination, inducing artifacts like the “MP2 barrier” found
in the isomerization path of reaction10 (Figure 5b). The
importance of correlation is seen by noting that the discord of
∼30 kJ‚mol-1 among the QCISD, MP2, and B3LYP energy
barriers is eliminated by evaluating each structure with a single
point QCISD(T)/6-311(d,p) calculation. This observation sup-
ports the concept that reliable reaction barriers are estimated
efficiently by using a lower level calculation to obtain the

Figure 6. Reaction energy diagram at 0 K showing channels that may
deplete 1,3-dichloro-1-propen-2-yl radical through hydrogen transfer
(reaction11) or dissociation (reaction12). Reaction enthalpies are
referenced to the separated Cl atom and propargyl chloride at 0 K.
The values listed in parentheses are the ab initio∆relH0

Q(T)//QCISD (in
kJ‚mol-1) of the transition state structures, including unscaled zero point
energy contributions.
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geometry and a high-level QCISD(T)/6-311(d,p) calculation
to capture most correlation energy. In summary, the QCISD-
(T)/6-311+G(d,p)//QCISD/6-31+G(d,p) method appears to
minimize the errors contributing to transition state energy
barriers, lending confidence in the verity of the predicted
mechanism for the Cl+ propargyl chloride reaction.

The issue regarding spin contamination in the QCISD(T)
wave function warrants comment. In general, QCISD(T) wave
functions based on unrestricted Hartree-Fock wave functions,
UHF, are not eigenfunctions of the〈Ŝ2〉 spin operator and
consequently do not preserve spin symmetry. This immediately
leads to the conclusion that QCISD(T) is not exempt of
contamination from other spin states. However, for doublets,
such as the ones treated in this work, this situation is not critical,
given that QCISD(T) should in principle annihilate the principal
spin contaminant in the same fashion that Coupled-Cluster in
the space of single, double and triple (treated perturbatively)
electronic excitations, CCSD(T).38

Metathesis Reactions of Cl+ Propargyl Chloride. The
energy barriers derived from the ab initio results suggest that
at 298 K the initial elementary channels of Cl+ propargyl
chloride have importance in the order of (reaction5 ≈ reaction
6) > reaction3 . reaction4 ≈ reaction2. The high-pressure
rate coefficients, computed with transition state theory from the
present ab initio results (Table 3), predict the ratio,k3/ktotal ≈
0.002, for the HCl metathesis vs total bimolecular reactivity at
298 K, wherektotal ) k3 + k4 + k5 + k6. Although the ratio of
HCl metathesis and addition reactivity remains unmeasured for
Cl + propargyl chloride, we may estimate a ratio at 298 K by
examining the available kinetic data for Cl+ propyne and then
adjusting for the effects of chlorine substitution. By reacting
thermal38Cl atoms with propyne and performing GC analyses
of the radioactive products, Lee and Rowland found that chlorine
atom addition accounted for>95% of total reactivity between
(47 900 to 53 2000) Pa ((360 to 4000) Torr).39 Prior measure-
ments of chlorine atom reactions with substituted ethanes40 and
propenes41 have found that the substitution of one chlorine in
the methyl group diminishes the metathesis reactivity ofeach
chloromethyl hydrogen by a factor of 6 and 10, respectively.
Assuming similar scaling for propynes, the fractional reactivity
available to HCl metathesis (reaction2) for Cl + propargyl
chloride isk3/ktotal < 0.01 at 298 K in the high-pressure limit.
Thus, estimates based on ab initio and experimental data indicate
that chlorine atom addition (reactions 5 and 6) dominates the
reactivity of Cl + propargyl chloride at 298 K.

The present ab initio results give high-pressure rate coef-
ficients predicting the ratio,k4/ktotal ≈ 10-24, for Cl2 metathesis
vs total reactivity at 298 K, i.e., the Cl2 metathesis channel is
inactive. This prediction conflicts with previous interpretations
of experiments by Fahr, et al.42 who proposed a dominant role
for reaction4. Their experiments photolyzed propargyl chloride
with 193 nm light and recorded the transient absorption between
230 and 270 nm. Following the photolysis event, the transient
absorption profile exhibited a “prompt” absorption at 242 nm,
attributed to the photolytic propargyl radical (C3H3) product
from reaction 1, and a more slowly increasing transient
absorption, attributed to bimolecular C3H3 product from reaction
4. Because the total absorbance grew to nearly twice the
magnitude of the “prompt” absorption, assignment of the 242
nm absorption band to the C3H3 radical would imply that the
endothermic reaction4 accounts for≈ 100% of the Cl+
propargyl chloride reactivity. The discord between the inter-
pretions of the ab initio results and of the photolysis experiments
suggests that the assignment of the 242 nm absorption band is

in error. Evidence that the 242 nm absorption is not carried by
the C3H3 radical was found by experiments that photolyzed
unhalogenated precursors of C3H3 radicals (allene and propyne)
with 193 nm light and detected no absorption between 230 and
270 nm.8 In separate experiments, we photolyzed Cl2 with 355
nm light (to which propargyl chloride is photolytically inert)
and demonstrated that the 242 nm absorption arises from a
chlorinated product of Cl+ propargyl chloride.8 Thus, the
weight of the spectral and kinetic data, the ab initio transition
state relative energies, and the computed thermodynamic data
(Table 1 and ref 8) establish that reaction4 is inactive at 298
K. By assigning the spectral carrier as the 1,2-dichloroallyl
radical, we can remove the conflict between the present
calculations and the prior interpretations of Fahr, et al. The 1,2-
dichloroallyl radical is predicted to exhibit a strong transient
absorption spectrum between 230 and 270 nm originating from
C̃(3p) r X̃2A2 transitions.8 It should be noted that our present
assignment does not preclude the existence of weak (σ242 <
10-20 cm2‚molecule-1) underlying absorption from the C3H3

radical; however, in the presence of small amounts of 1,2-
dichloroallyl radical (σ242 ) (4.20 ( 1.05) × 10-17 cm2

molecule-1),8 such optical absorption will be obscured unless
the absorption by the C3H3 radical produces a unique signal
accessible to an alternate detection method, e.g., photoionization,
photelectron, or photofragment spectroscopies.

Reaction Mechanism of Cl + Propargyl Chloride. The
absence of significant metathesis contributions at 298 K enables
reactions5 and6 to dominate the initial Cl+ propargyl chloride
reaction. Because chlorine atom addition produces chemically
activated C3H3Cl2 ensembles with energy distributions that are
not described by temperatures, thermal rate equations are
inappropriate for predicting the product distributions. We have
used the master equation solver in the CHEMRATE program9

to estimate time-dependent product distributions among the
C3H3Cl2 isomers in the energy transfer region on the basis of
RRKM theory for unimolecular reactions. Supplementary Table
3S lists the program input comprising standard enthalpies (Table
1), intrinsic barriers obtained by assumingEa ≈ ∆relH0

Q(T)//QCISD

at 0 K (Table 2), rotational moments of inertia that are estimated
from the optimized QCISD/6-31+G(d,p) geometries (Table 2S),
and vibrational frequencies that are estimated with MP2/6-
31+G(d,p) calculations and reduced with a 0.937 scaling factor.
The present calculations presume that energy transfer collisions
between argon and C3H3Cl2 radicals conform to the exponential-
down model withR ) 500 cm-1.43 This value ofR is commonly
adopted to model shock tube experiments.44 The time dependent
solutions of the relaxation matrix were computed using the
Householder algorithm option.

Initial calculations incorporating all elementary reactions of
chemically activated C3H3Cl2 isomers confirmed emphatically
that reactions8, 9, and 11 are effectively inactive for all
conditions between 298 and 1000 K and 625-10 000 Pa.
Because inclusion of these inactive channels greatly slowed the
calculations, the results reported herein incorporate only reac-
tions 5, 6, 7, 10, and 12, which are exothermic and have
transition state structures at lower energy than the initial
reactants (Table 2). This reduced reaction set is depicted in
Figure 7.

Table 4 lists the fractional product yields,fim, from C3H3Cl2
ensembles prepared by reaction 5,fi5, and reaction 6,fi6, at 298
and 1000 K for selected pressures of argon, chosen on the basis
of available experimental data8 and representative conditions.
Eachfim is the temporally integrated fractional yield of colli-
sionally stabilized product “i” produced by a chemically
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activated C3H3Cl2 ensemble prepared with reactionm at a
specified temperature and pressure. The fractional product yields
of reactionm are normalized by∑i f i

m + f rev
m ) 1, wheref rev

m

is the fraction returned to the initial reactants, Cl+ propargyl
chloride. Table 4 also lists the integrated fractional yield,
corresponding to the distribution of chlorinated products present
in a bulb photolysis experiment after the initial concentration
of chlorine atoms is depleted. In the absence of recombination
and secondary reactions, the integrated fractional yield,〈pi〉, for
each product is

wherePm ) km/ktotal (m ) 3, 5, 6). For the HCl metathesis
reaction3 we setf HCl

3 ) 1 andf rev
3 ) 0 and reaction4 is not

considered. The conversion yield per initial free chlorine atom,
〈Ci〉, is computed for each set of conditions by dividing each
〈pi〉 by the sum of〈pi〉 over the chlorine sequestering products,
i.e., the sum of all〈pi〉 except for chloroallene.

The chemically activated C3H3Cl2 ensembles prepared by
reactions5 and 6 have distinct patterns of fractional product
yields (Table 4). The 1,3-dichloro-1-propen-2-yl radical en-
sembles prepared by reaction6 produce substantial fractions
of chloroallene and 1,2-dichloroallyl radical. The 2,3-dichloro-
1-propen-1-yl radical ensembles produced by reaction5 mainly
undergo reverse reaction. The differences among the fractional
product yields are symptomatic of the absence of steady-state
kinetics during decomposition. In particular, the differing
fractional product yields arise because reactions7, -7 establish
equilibrium between the incipient dichloro-vinyl isomers very
slowly relative to the time scales of reactions-5, -6, 10, -10,
and12. (Discussions of the time evolution of non-steady-state
systems are given in refs 11,12) In particular, the relatively high

TS7 barrier largely isolates the chemically activated 2,3-
dichloro-1-propen-1-yl ensemble from reactions10 and12.

Validation of the reaction mechanism, derived from the ab
initio results, is found in Table 4, by noting the accord of the
predicted and measured the〈pi〉 at 298 K and 1010 Pa. Figure
7 outlines these experiments, where a static bulb containing a
1% propargyl chloride/99% helium molar mixture was exposed
to 193 nm light, producing an ensemble of chlorine atoms that
reacted with propargyl chloride. The stable reaction end-products
were analyzed with gas chromatography and mass spectrometry
(GC-MS).8 Arrows indicate the active pathways of chlorine atom
flux from initial reactants to products, including regeneration
of chlorine atoms from C3H3Cl2 ensembles through reactions
-5, -6, and 12. Figure 7 also shows bimolecular hydrogen
abstraction steps that convert free radicals into the stable
dichloro-1-propene isomers detected during GS-MS analyses.

TABLE 4: Master Equation Predictions of fi
m, the Fractional Product Yields for the C3H3Cl2 Ensembles Prepared by Reaction

5 and 6, 〈pi〉, Integrated Fractional Yields, and 〈Ci〉, the Conversion Yield Per Initial Free Chlorine Atom

fractional yield

conditions and
initial reactions Chloroallene

1,2-
dichloroallyl

radical

1,3-dichloro-
1-propen-2-yl

radical

2,3-dichloro-
1-propen-1-yl

radical
Cl + propargyl

chloride
HCl + C3H2Cl

radical

298 K, 625 Pa
fi5: 0.057 0.015 0.000 0.002 0.926
fi6: 0.678 0.101 0.000 0.000 0.221
〈pi〉: 0.858 0.135 0.000 0.002 0.005
〈Ci〉, molecule‚(initial Cl)-1 6.05 0.95 0.00 0.02 0.03

298 K, 1010 Pa
fi5: 0.045 0.020 0.000 0.002 0.932
fi6: 0.600 0.218 0.001 0.000 0.180
〈pi〉: 0.725

(0.75)a
0.267

(0.24)a,b
0.002

(<0.01)a,c
0.002 0.004

〈Ci〉, molecule‚(initial Cl)-1 2.63 0.97 0.01 0.01 0.02

298 K, 10000 Pa
fi5: 0.043 0.018 0.000 0.002 0.937
fi6: 0.585 0.245 0.002 0.000 0.168
〈pi〉: 0.70 0.29 0.00 0.00 0.00
〈Ci〉, molecule‚(initial Cl)-1 2.32 0.97 0.01 0.01 0.01

1000 K, 1010 Pa
fi5: 0.059 0.000 0.000 0.000 0.941
fi6: 0.877 0.000 0.000 0.000 0.123
〈pi〉: 0.97 0.00 0.00 0.00 0.03
〈Ci〉, molecule‚(initial Cl)-1 30.89 0.00 0.00 0.00 1.00

a Product distribution measured by static bulb experiments reported in ref 8. See text.b 1,2-Dichloro-1-propene obtained from hydrogenation of
1,2-dichloroallyl radical. See text and Figure 7.c 1,3-Dichloro-1-propene obtained from hydrogenation of 1,3-dichloro-1-propen-2-yl radical. See
text and Figure 7.

〈pi〉 )

∑
m

Pm‚f i
m

1 - ∑
m

Pm‚f rev
m

(14)

Figure 7. Kinetic reaction mechanism for Cl+ propargyl chloride
reaction comprised of the elementary processes that the ab initio
calculations predict are exothermic relative to Cl+ propargyl chloride.
Shading reconciles each end-product observed with gas-chromatography
with a reaction product channel. See text.
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(The figure does not depict secondary processes, such as
collisional product stabilization in the bath and HCl metathesis
reaction3.) The parent radical of each stable end-product is
denoted with gray scale shading and the inset table lists the
product abundances. According to diagram, the 2,3-dichloro-
1-propene is mainly generated from the hydrogenation of the
1,2-dichloroallyl radicals and 1,3-dichloro-1-propene is formed
through the hydrogenation of 1,3-dichloro-1-propen-2-yl radi-
cals. Referenced to the chlorinated C3 product yield, the GC-
MS analysis found chloroallene (0.75), 2,3-dichloro-1-propene
(0.24), and 1,3-dichloro-1-propene (<0.01),8 which are results
in accord with the CHEMRATE predictions.

This validated model of the Cl+ propargyl chloride reaction
provides a good basis for estimating product distributions as a
function of temperature and pressure. Although the present
treatment is quantitative, the comparison between the end-
product data and CHEMRATE results involves some necessary
approximations. These approximations have little effect on the
computed〈pi〉 and do not diminish the strength of this validation.
First, the evaluation of eq 14 presumes,k5 ≈ k6. The assumption
is not supported by the radioactive labeling studies of Cl+
propyne by Lee and Rowland who measured38Cl substituted
products and concluded that chlorine adds to the end and center
unsaturated carbons with an 8:1 ratio.39 Nonetheless, for Cl+
propargyl chloride such differences in relative reactivity for
chlorine addition will have little effect because the C3H3Cl2
ensemble produced by reaction5 returns mainly to initial
products, i.e.,f rev

5 ≈ 0.9, and the ensemble prepared by
reaction6 returns a much smaller fraction to initial reactants
(f rev

6 ≈ 0.2). As a result, the〈pi〉’s are more heavily weighted
by the fractional product yields of reaction6. Second, although
the experiment found a 3:1 ratio of chloroallene to 1,2-dichloro-
1-propene, the measurements may have underestimated the
contributions of reaction10 if a significant fraction of the 1,2-
dichloroallyl radical product was lost to recombination and
cross-reaction before hydrogenation formed 2,3-dichloro-1-
propene. Our CHEMRATE simulations indicate that small
adjustments of∆f H0

o (chloroallene) should easily accommodate
future determinations of〈pi〉 for chloroallene and 1,2-dichloro-
allyl radical. During the CHEMRATE simulations we obtained
the 3:1 ratio of chloroallene to 1,2-dichloro-1-propene with a 4
kJ‚mol-1 increase in∆f H0

o (chloroallene), which is within its
uncertainty (Table 1). Without this increased∆f H0

o (chloro-
allene) we obtained a 20:1 ratio. Finally, these calculations do
not consider the effects of tunneling and internal rotors. When
extensive data are available over an extended range of temper-
ature and pressure, these effects can be added to the CHEM-
RATE model to improve fits of the observed falloff behavior
and product distribution variation.

At 298 K and 1010 Pa the conversion yield per initial chlorine
atom,〈Ci〉, indicates that 97% of the initial chlorine concentra-
tion becomes sequestered in 1,2-dichloroallyl radical and≈ 2%
is sequestered by the HCl metathesis channel. In contrast, at
1000 K the calculations predict that≈ 100% of the initial
chlorine becomes sequestered in HCl metathesis product, even
though the addition channels continue to dominate the Cl+
propargyl reaction. The dominance of HCl metathesis over
chlorine addition products at higher temperature is consistent
with the report by Farrell and Taatjes who observed the
metathesis reaction fraction of Cl+ propyne to increase from
0.7 to 1.0 between 298 and 500 K.36 Another feature of the Cl
+ propargyl chloride reaction, which is observed in〈Ci〉, is the
factor of 12 increase in chloroallene production between 298
and 1000 K (Table 4). In future experiments the chloroallene

production may provide a clock for measuring relative rates
across channels. In practical systems, such as incinerators, this
process may play a catalytic route that isomerizes propargyl
chloride into chloroallene.
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